Two series of peptides that specifically bind to the extracellular domain of the ␣ chain of the human interleukin-5 receptor (IL-5R␣), but share no primary sequence homology to IL-5, were identified from libraries of random recombinant peptides. Affinity maturation procedures generated a 19-aa peptide that binds to the IL-5 receptor ␣͞␤ heterodimer complex with an affinity equal to that of IL-5 and is a potent and specific antagonist of IL-5 activity in a human eosinophil adhesion assay. The active form of the peptide is a disulfide-crosslinked dimer that forms spontaneously in solution. Gel filtration analysis, receptor-binding studies, and analytical ultracentrifugation reveal that the dimeric peptide binds simultaneously to two receptor ␣ chains in solution. Furthermore, the dimer peptide, but not IL-5, can activate a chimeric receptor consisting of the IL-5R␣ extracellular domain fused to the intracellular domain of the epidermal growth factor receptor, thus demonstrating that the peptide also promotes receptor dimerization in a cellular context. The functional antagonism produced by the bivalent interaction of the dimeric peptide with two IL-5R ␣ chains represents a distinctive mechanism for the antagonism of cytokines that use heteromeric receptors.
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I
nterleukin-5 (IL-5) is a T cell-derived hematopoietic cytokine that acts exclusively on cells of the eosinophil and basophil lineage (1, 2) . Although IL-5 can regulate many of the functions of mature, terminally differentiated eosinophils such as cell survival (3), adhesion (4) , and activation (5) , its primary function is to promote the differentiation and expansion of eosinophil precursors in the bone marrow (6) .
Transgenic mice that constitutively overexpress IL-5 in their lungs exhibit systemic and airway eosinophilia, bronchial hyperreactivity, and histopathological features characteristic of human asthma (7) . Administration of recombinant IL-5 into the airways of either guinea pigs (8) or mildly asthmatic individuals (9) promotes a lung eosinophilia and bronchial hyperreactivity. Moreover, blocking the activity of IL-5 through administration of neutralizing anti-IL-5 antibodies (10-12), or through IL-5 gene deletion (13) , prevents allergen-induced airway eosinophilia and bronchial hyperreactivity. Together, these data demonstrate that IL-5 plays a central role in the development of allergen-induced eosinophilia in animals and suggest that an anti-IL-5 therapeutic could provide an alternative approach to the treatment of human asthma perhaps more specific than current anti-inf lammatory therapies such as inhaled corticosteroids.
The IL-5 receptor is a heterodimer consisting of an ␣ chain that specifically binds IL-5 and a signal-transducing ␤ c chain shared with the receptors for two structurally related cytokines: granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-3 (14) . A number of protein-based IL-5 antagonists have been reported, including soluble IL-5 receptor ␣ chains (IL5R␣s) that sequester the ligand in solution (15) , single point mutants of IL-5 that occupy the receptor but fail to initiate receptor activation (16, 17) , and neutralizing antibodies directed against IL-5 (18). Detailed structure-function analysis of the IL-5͞IL-5 receptor interaction, by scanning alanine mutagenesis of IL-5, has revealed that the key charged residues important for the formation of the ligand-receptor complex are spatially distinct and are separated across a large surface area (17, 19) . This topography may provide a molecular explanation for the lack of small molecule IL-5 receptor antagonists that have been reported.
The screening of libraries of random recombinant peptides has previously led to the discovery of both agonistic and antagonistic peptides to several other cytokine receptors (20) (21) (22) . In this study, we report the identification and characterization of two distinct series of specific antagonists of IL-5 that bind to the ligand-binding ␣ subunit of the receptor. Furthermore, we demonstrate that one of these series of antagonist peptides exhibits a distinctive mechanism of antagonist action.
Methods
Peptide Library Screening. The extracellular domain (ECD) of the human IL-5R␣ was expressed in CHO cells as a phosphatidylinositol glycan-linked, epitope-tagged fusion protein. Receptor was harvested from the cell surface by cleavage with phosphatidylinositol-specific phospholipase C and immobilized by using a capturing antibody (mAb 179) directed toward the tag (23) .
A recombinant library was constructed encoding peptides of the form X 3 CX 5-10 CX 3 (where X is any amino acid and C is a fixed cysteine residue) and expressed as a C-terminal fusion to the lac repressor (24) . In this method, peptides are linked to the corresponding random coding sequence through binding of the lac repressor to lac operator sequences also present on the pJS142 library plasmid (25) . The library was screened by incubating peptide-repressor-plasmid complexes with antibodyimmobilized IL-5R␣ ECD in microtiter wells. After washing away unbound plasmid complexes, receptor-bound plasmids were eluted from the wells with 1 mM isopropyl ␤-Dthiogalactoside͞0.2 M KCl͞35 mM Hepes (pH 7.5)͞0.1 mM EDTA. The recovered plasmids were used to transform Escherichia coli; plasmid complexes were prepared from the transformed cells, and the process was repeated through a total of four rounds of affinity selection.
Secondary libraries were constructed, based on peptides isolated from the primary library, as fusions to the lac repressor headpiece dimer, an affinity selective variant of the lac repressor library method (30) . To facilitate further analysis, the DNA encoding the enriched pools of receptor-binding peptides were transferred to a plasmid that allowed expression of the peptides as C-terminal fusions to the E. coli maltose-binding protein.
Clones for analysis were identified by using colony lifts probed with 33 P-labeled IL-5R␣ ECD. Relative binding affinities of the resulting clones were then determined by ELISA (25) .
Peptide Synthesis and Dimer Peptide Structure Determination. Peptide synthesis of was performed on p-hydroxymethylphenoxymethyl polystyrene resin using an Applied Biosystems peptide synthesizer 431A or 433A and f luorenylmethoxycarbonyl (Fmoc) chemistry. Each step was double coupled by using O-benzotriazol-1-yl-N,N,NЈ,NЈ-tetramethyluronium hexafluorophosphate͞N-hydroxybenzotriazole (HBTU͞HOBt) reagent. The products were purified by C18 RP-HPLC and confirmed by MS.
For peptide AF18748, the acetamidomethyl protecting group was used for the cysteine in position 9 and trityl (Trt-) for the cysteines in positions 15 and 18. The peptide was cleaved from the resin and deprotected with trifluoroacetic acid, dichloromethane, anisole, and 2-mercaptoethanol (89.7%͞10%͞0.1%͞ 0.2%). The crude peptide was further purified by C18 RP-HPLC. The peptide was oxidized overnight in 30% dimethyl sulfoxide͞ water at 1 mg͞ml to form the intrachain disulfide bond (26) . The interchain disulfide bond was formed by using silver trifluoromethanesulfonate͞trifluoroacetic acid followed by dimethyl sulfoxide͞aqueous HCl (27) .
To determine the disulfide pattern of the dimeric form of AF17362, a 1 mg͞ml solution of the peptide in 200 mM ammonium bicarbonate was digested with 20 g͞ml trypsin (Boehringer Mannheim) for 4 h. Aliquots were removed every hour and analyzed by liquid chromatography-electrospray MS and matrix-assisted laser desorption ionization MS.
Pharmacological Assays. Binding of peptides to the IL-5R␣ ECD was measured by using a 125 I-IL-5 competition-binding assay in a scintillation proximity assay format (28) . TF-1 cell-based radioligand-binding studies were carried out as described previously (19) . In brief, TF-1 cells (1 ϫ 10 6 per point) were incubated with 200 pM 125 I-IL-5 (1,130 Ci͞mmol; 1 Ci ϭ 37 GBq) for 2 h at room temperature in the presence of increasing concentration of unlabeled cytokine or peptide. After separation of bound and free ligand by centrifugation through oil (16% paraffin oil͞84% silicone oil) the cell-associated radioligand was quantified in a ␥ counter. Nonspecific binding was defined in the presence of a 300-fold molar excess of unlabeled IL-5.
Human peripheral blood eosinophils were purified from healthy donors with mildly elevated eosinophil levels by a CD16-negative selection procedure, as previously described (29) . Eosinophil purity was consistently Ͼ98%. The cytokineinduced adhesion of eosinophils to IgG-coated plates was measured as previously described (29) . In brief, purified eosinophils (5 ϫ 10 3 per point) were incubated with peptides for 5 min before stimulation with the indicated cytokines for 30 min at 37°C in a 96-well microtiter plate precoated with human IgG. After a washing step, the adherent cells were lysed and the endogenous peroxidase activity was measured in a colorimetric assay using o-phenylenediamine as a substrate.
In Vitro Receptor Dimerization Assays. The microvolume fluorimetry assay, measuring ligand-dependent association of fluorescently labeled IL-5R␣ ECD with unlabeled bead-bound receptor, was performed using an fluorometric microvolume assay technology (FMAT) instrument (Perkin-Elmer) as described previously (31) . Gel filtration chromatography was performed in 50 mM Tris (pH 7.5)͞0.5 M NaCl on a Pharmacia Smart system using a Precision Superdex 200 3.2͞30 column at 25°C with a flow rate of 10 l͞min. The column was calibrated by using Bio-Rad gel filtration molecular weight standards. Velocity sedimentation experiments were conducted on a Beckman XLI ultracentrifuge equipped with absorption and interference optics and an An60Ti rotor. The experiments were run at 40,000 rpm in charcoal-filled Epon double sector centerpieces at 25°C in 50 mM Tris (pH 7.5)͞0.5 M NaCl. Data were collected at 280 nm as single scans at a spacing of 0.01 cm in continuous-scan mode and analyzed by using both ULTRASCAN (B. Demeler, University of Texas, San Antonio) and DCDT (W. F. Stafford, Boston Biomedical Research Institute, Boston).
Chimeric IL-5R␣͞Epidermal Growth Factor Receptor (EGFR) Reporter
Cell Assay. A reporter cell line was established by transfecting the gene encoding a chimeric receptor consisting of the IL-5R␣ ECD fused to the transmembrane and intracellular domains of the EGFR into Ba͞F3 cells containing a luciferase reporter gene under the transcriptional control of the c-fos enhancer and minimal thymidine kinase promoter. Before assay, the cells were starved overnight of the WEHI-conditioned medium in which they were maintained and then seeded into 96-well plates at a density of 10 5 cells per well. After addition of IL-5 or antagonist peptide, the cells were incubated for 4 h and then LucLite reagent (Packard) was added to the wells, and the plates were assayed for luciferase activity by counting in a Topcount instrument (Packard).
Results

Identification of IL-5 Antagonist Peptides by Peptide Library Screening.
A recombinant peptide library was generated that expressed random peptides 13-18 amino acids in length as C-terminal fusions to the lac repressor protein (24) . The library peptides contained two fixed cysteine residues to ensure the expression of a high percentage of conformationally constrained, cyclic peptides. After four rounds of affinity selection against IL-5R␣ ECD, two individual clones were isolated that expressed peptides that bound specifically to IL-5R␣ ECD when assayed by ELISA. These peptides also blocked the binding of 125 I-IL-5 to IL-5R␣ ECD in a scintillation proximity assay (data not shown). AF-numbered compounds were prepared synthetically and their structures were confirmed by MS. In the AF17121 sequence, (Ac) and (NH 2) indicate acetylation and amidation, respectively. Boldface and underlined letters C in the sequences of clone 1 and clone 2 indicate the invariant cysteine residues specified in the library design. Letter S in AF11875, AF17121, and AF18748 structures indicates cysteine sulfur involved in the disulfide bonds shown. Letters SH in AF17362 structure indicate free cysteine sulfhydryls.
The peptide sequences of both clones were determined by DNA sequencing [clones 1 and 2 ( Fig. 1)] , and neither showed any sequence similarity to IL-5.
Peptides Derived from Clone 1 Are Cyclic Monomers. A synthetic linear peptide corresponding to clone 1 did not measurably compete with 125 I-IL-5 for binding to IL-5R␣ ECD when analyzed by scintillation proximity assay, whereas the disulfidecyclized form, AF11875 (Fig. 1) , blocked 125 I-IL-5 binding with an IC 50 of 18 M (data not shown). Additional peptide libraries were designed to contain variants of the clone 1 sequence in the affinity-selective lac repressor headpiece dimer system (30) . Screening of these libraries against the IL-5R␣ ECD resulted in a number of clones that appeared by ELISA to bind the IL-5R␣ ECD with considerably higher affinity than AF11875. A disulfide-cyclized peptide was then synthesized corresponding to the sequence of the clone that appeared to bind with highest affinity. This peptide, AF17121 (Fig. 1) competed with 125 I-IL-5 for binding to IL-5R␣ ECD with an IC 50 of 69 nM (data not shown).
Peptides Derived from Clone 2 Are Disulfide-Linked Dimers. The peptide sequence of clone 2 contained a third cysteine residue in addition to the fixed cysteines defined in the original library construction (Fig. 1) , giving rise to a large number of potential disulfide bond configurations. To determine the importance of each cysteine residue, the cysteines were allowed to vary during subsequent rounds of library mutagenesis and affinity maturation (30) . Analysis of the DNA sequences of 31 distinct clones expressing peptides with high affinity for the IL-5R␣ ECD revealed complete conservation of all three of the cysteine residues from the clone 2 sequence, indicating their absolute requirement for receptor-binding activity in this series. There was also a glutamine-to-proline substitution at position 11 in 30 of the 31 clones, suggesting that this change strongly favors high affinity binding.
A peptide corresponding to the clone with the highest apparent receptor-binding affinity as measured by ELISA was synthesized with all three cysteine residues in the free sulfhydryl form. When this peptide, AF17362 (Fig. 1) , was dissolved in 50 mM Tris buffer (pH 7.8) and assayed immediately, it competed with 125 I-IL-5 for binding to the IL-5R␣ ECD with an IC 50 of 120 nM. However, when the peptide solution was left at room temperature for 10 days the IC 50 in the binding assay dropped to 550 pM. Concomitant with this change in binding affinity, the peptide's retention time by C18 RP-HPLC shifted (but remained a single peak), and MS revealed that the peptide had spontaneously formed a disulfide-linked dimer (data not shown).
To determine the disulfide pattern of the active peptide, the dimeric form of AF17362 was digested with trypsin and analyzed by MS. The MS analysis of the tryptic digest revealed fragments consistent with the presence of a single symmetrical dimer structure containing an interchain disulfide bond between the cysteines in position 9 and intrachain disulfide bonds between the cysteines in positions 15 and 18 on each chain (Fig. 2) . Kinetic analysis of the dimerization process by NMR spectroscopy demonstrated that the formation of the intramolecular bond preceded intermolecular dimerization (data not shown).
To confirm that this structure represented the active conformation, a dimer peptide with an identical disulfide pattern was prepared synthetically by using different protecting groups on the cysteines involved in the intrachain and interchain disulfide bonds. The resulting peptide, AF18748 (Fig. 1) , was indistinguishable from the dimeric form of AF17362 by all criteria tested [RP-HPLC, capillary electrophoresis, tryptic digest, and (data not shown)], and competed with 125 I-IL-5 for binding to the IL-5R␣ ECD with essentially the same potency (IC 50 of 780 pM; data not shown).
Because dimerization of Ͻ1% of the monomer would produce a sufficient concentration of active dimer to account for the binding activity observed with freshly dissolved AF17362, this activity is probably due to the formation of the dimeric form of the peptide both before and during the binding assay. Moreover, peptides of sequence otherwise identical to AF17362 but containing alanine, serine, or acetamidomethyl-protected cysteine in place of the cysteine in position 9 showed no receptor-binding activity by scintillation proximity assay at concentrations as high as 10 M (data not shown). Therefore it appears that AF17362 is active only as a disulfide-linked dimer.
Pharmacological Characterization of AF17121 and AF18748. The ability of the peptides AF17121 and AF18748 to bind to the native IL-5R ␣͞␤ complex on TF-1 human erythroleukemia cells was assessed in a competition-binding assay (28) . The binding of (Fig. 3A) . Thus the dimeric peptide, AF18748, appears to exhibit an affinity for the native heterodimeric form of the receptor similar to the natural ligand, IL-5.
The functional activity of AF17121 and AF18748 was assessed in a human eosinophil adhesion assay (29) . Both peptides alone were devoid of agonist activity but completely inhibited IL-5 induced eosinophil adhesion to immobilized IgG with IC 50 s of 50 Ϯ 8 nM (AF17121) and 350 Ϯ 70 pM (AF18748) (Fig. 3B) . AF17121 had no effect on eosinophil adhesion induced by the related cytokine GM-CSF at concentrations up to 50 M (data not shown). Furthermore, concentrations of AF18748 up to 1 M had no effect on eosinophil adhesion induced by the related cytokines GM-CSF and IL-3, the unrelated cytokine tumor necrosis factor-␣ or the chemotactic peptide fMet-Leu-Phe (Fig.  3C) . AF18748 is therefore an extremely potent and selective antagonist of IL-5 in a human eosinophil functional assay. AF18748 Induces Receptor Dimerization. Previous work on peptide ligands for the erythropoietin and thrombopoietin receptors has demonstrated that dimeric peptides can induce receptor homodimerization (21, 22) . Several different methods were used to investigate whether AF18748 was similarly able to bind to two IL-5R␣ chains. First, a ''sandwich-'' binding assay was devised using microvolume fluorimetry (31) to measure the liganddependent association of two receptor ␣ chains. IL-5R␣ ECD was immobilized onto 10-m beads and incubated with soluble, fluorescently labeled IL-5R␣ ECD in the presence or absence of IL-5 or peptide. The addition of increasing amounts of AF18748 over a range from 10 pM to 1 nM caused an increase in the association of the fluorescently labeled receptor to the beads (Fig. 4A) , indicating that the peptide is binding both an immo- Fluorescently labeled IL-5R␣ ECD was incubated with IL-5R␣ ECD-coated polystyrene beads and serial dilutions of AF18748 (F), AF17121 (E), or human IL-5 (ᮀ). Binding reactions were incubated in microtiter plates overnight at room temperature, and the bead-associated fluorescence was determined by using an FMAT instrument (Perkin-Elmer). Data points represent averages of triplicate determinations from a single representative experiment. (B) Gel filtration chromatography. IL-5R␣ ECD was loaded onto a Precision Superdex 200 3.2͞30 column alone (dotted line) or in the presence of equimolar amounts of AF17121 (light line) or AF18748 (dark line). Peak I corresponds to free AF17121 (2.5 kDa), peak II to free AF18748 (3.9 kDa), peak III is where monomeric IL-5R ECD elutes (89.5 kDa), and peak IV corresponds to a molecular mass of 209 kDa. Results shown are from a single experiment, representative of three separate runs for each condition. (C) Analytical ultracentrifugation. IL-5R␣ ECD was examined alone (Upper) or in the presence of equimolar amounts of AF18748 in both reference and sample compartments (Lower). Data were analyzed by using both ULTRASCAN bilized receptor and a soluble receptor simultaneously. At concentrations of AF18748 Ͼ1 nM, the binding of labeled receptor to the beads decreases, presumably due to the excess of peptide favoring a 1:1 association of peptide with both immobilized and soluble receptor. Neither IL-5 nor the monomeric IL-5 antagonist peptide, AF17121, induced the association of labeled receptor with the beads (Fig. 4A) . Second, the ability of peptides to induce receptor dimerization was studied by using gel filtration chromatography. Soluble IL-5R␣ ECD eluted as a single peak with a calculated molecular mass of 89.5 kDa (Fig. 4B) . Although this is considerably larger than the predicted size of the receptor, gel filtration under denaturing conditions (6 M guanidine hydrochloride) confirmed that the soluble receptor was monomeric (data not shown) and suggested that its early elution was due to extensive glycosylation. The presence of AF17121 had no effect on the elution of the IL-5R␣ ECD, whereas the apparent size of the IL-5R␣ ECD increased in the presence of AF18748 to Ϸ200 kDa, consistent with a change from monomer to dimer (Fig. 4B) .
Third, analytical ultracentrifugation was used to examine the interaction of AF18748 with the IL-5R␣ ECD. In velocity sedimentation experiments, the IL-5R␣ ECD alone showed a Gaussian distribution of molecular species centered at 3.3 S (Fig.  4C Upper) . In the presence of a molar equivalent of AF18748, the distribution shifted toward higher molecular weight complexes and became non-Gaussian. Deconvolution of this non-Gaussian distribution revealed the presence of two species, each with a Gaussian distribution, giving apparent sedimentation coefficient values of 3.9 S and 5.0 S (Fig. 4C Lower) . These results are entirely consistent with peptide-induced receptor dimerization.
Last, a system was designed to analyze receptor-binding stoichiometry in a cellular context. A chimeric receptor consisting of the IL-5R␣ ECD fused to the membrane-spanning and intracellular domains of the EGFR was constructed. The chimeric receptor was stably expressed in Ba͞F3 cells that also contained a luciferase reporter gene under the transcriptional control of the c-fos enhancer and minimal thymidine kinase promoter. Because activation of the native EGFR by EGFinduced dimerization results in an increase in c-fos transcription (32) , dimerization of the IL-5R␣͞EGFR chimera could be expected to similarly increase transcription of the luciferase reporter gene. Stimulation of Ba͞F3 cells expressing the chimera with AF18748 resulted in a dose-dependent increase in luciferase activity, whereas IL-5 or the monomeric peptide AF17121 had no effect (Fig. 5A) . Moreover, activation of the luciferase reporter by AF18748 could be antagonized by IL-5, demonstrating that the observed effect is mediated by the chimeric receptor (Fig. 5B) .
Discussion
In this paper, we describe the identification and characterization of two series of peptides that interact with the IL-5 receptor and prevent ligand binding. The first series of peptides identified comprises a set of disulfide-cyclized peptides that compete with IL-5 for binding to the IL-5R␣ chain. The most potent peptide in this series, AF17121, blocks IL-5-dependent activation of human eosinophils with an IC 50 of 50 nM. The second, more potent, series of peptides bind with high affinity to the IL-5R␣ chain as disulfide-linked dimers. The best-characterized peptide from this series, AF18748, a 4-kDa peptide, binds to the IL-5 receptor with an affinity equal to that of IL-5, a glycoprotein of approximately 40 kDa (33) . Furthermore, over the same range of concentrations as it competes with IL-5 for receptor binding, AF18748 is a potent and specific antagonist of IL-5 function in an eosinophil adhesion assay.
Although neither series of antagonist peptides share any primary sequence similarity to IL-5, it is tempting to speculate that the peptides adopt a structure that presents the appropriate functional epitopes in the correct spatial orientation to mimic the key contact points on IL-5 important for IL-5R␣ binding. Point mutants of IL-5 have been described that are potent and specific antagonists of the IL-5 receptor (16, 17) . In addition, small molecule isothiazolone compounds have been reported to specifically block IL-5 binding by covalent modification of the IL-5 receptor; however, no functional data were presented (34) . We are not aware of any other low molecular weight functional antagonists of IL-5 that exhibit selectivity for the IL-5 receptor over the closely related receptors for GM-CSF and IL-3.
Because the peptides of the clone 2 series all contained three cysteines in the linear sequence, and could therefore adopt a number of potential disulfide bond arrangements, it was surprising that AF17362 spontaneously formed a single dimer structure in solution. However, NMR studies demonstrated that the intramolecular bond between C-15 and C-18 forms before other potential disulfide bonds. It is tempting to speculate that the presence of a turn-inducing proline between these two cysteines promotes the rapid formation of this disulfide bond, resulting in the remarkable uniformity of structure that was observed. This bias toward a single active structure could explain why proline was so strongly favored in this position during the affinity maturation process.
The biochemical and biophysical data presented in this paper provide strong evidence that, in solution, the dimeric peptide, AF18748, exhibits a unique mechanism of antagonist action in binding to two IL-5R␣ chains simultaneously. Furthermore, the use of the IL-5R␣͞EGFR chimeric receptor demonstrates that AF18748 displays bivalent receptor binding in a cellular context. Using a similar library screening protocol, we have previously described the identification of small dimeric peptide mimetics of erythropoietin and thrombopoietin (21, 22) . In these instances the peptides mimic the natural ligand in inducing receptor homodimerization, a prerequisite for receptor activation. In contrast, activation of the IL-5 receptor involves the heterodimerization of the ligand-binding ␣ chain with the ␤ c signaling chain. Therefore, the ability of AF18748 to occupy two IL-5R ␣ chains leads to high potency functional antagonism by sequestration of the ␣ chains, thereby preventing IL-5 binding and the subsequent receptor heterodimerization required to initiate signal transduction.
Like AF18748, IL-5 is a disulfide-linked homodimer, but there are clear differences in the nature of their interactions with the IL-5 receptor. Analytical ultracentrifugation and gel filtration techniques have been previously used to demonstrate that each IL-5 dimer binds to only a single IL-5R␣ in solution (35, 36) , an observation fully supported by the microvolume fluorimetry binding studies described here (Fig. 4A) . We have extended these observations into a cellular system, where the inability of IL-5 to induce activation of the IL-5R␣͞EGFR chimera demonstrates that it is unable to bring two receptor subunits together in the context of a membrane. However, like the native IL-5R␣, the chimeric receptor does bind IL-5 monovalently, which is why addition of IL-5 antagonizes the transcriptional up-regulation induced by AF18748 (Fig. 5B) . The binding of IL-5 also reduces the basal level of luciferase expression (Fig. 5) , presumably by sterically hindering the ligand-independent receptor dimerization, and subsequent transcriptional activation, which is frequently observed in overexpression studies.
In summary, we report the identification of potent and selective peptide antagonists of the IL-5 receptor. We also define a unique mechanism by which antagonists of multisubunit cytokine receptors can function, namely the sequestration of ligand-binding chains by using multivalent ligands. Determination of the structure of the peptide-receptor complex by using NMR and x-ray crystallographic methods will help us to understand the precise molecular characteristics of this interaction and would represent a significant step on the way toward the identification or design of nonpeptidic small molecule antagonists. Additionally, metabolically stable analogs of the peptides described here, when combined with appropriate delivery technology, have the potential of being useful therapeutic agents in the treatment of allergic asthma, and other atopic disorders.
